In addition to Ni, Co, and Fe, the authors show that a copper ͑Cu͒ chromium ͑Cr͒ alloy can be a good catalyst for controlled growth of carbon nanotubes ͑CNTs͒. A thermal chemical vapor deposition was used at 600°C to deposit the CNTs, and a dual-target magnetron sputtering system was used to control the ratio of the Cu/ Cr alloy. The material properties of the CNTs, such as concentration, diameter, and density, are directly affected by the ratio of Cu/ Cr alloy, which subsequently affect the field-emission properties. Their results showed that Cr can be used to effectively control the catalytic effects of the Cu catalysts, where the quality of the CNTs could vary while the density could be controlled from 4 ϫ 10 7 to 5 ϫ 10 10 tubes/ cm 2 . The field-emission current density of the CNT film increases with Cu/ Cr ratio from 1 / 6.4 to 4.6/ 1 and decreases when the Cu/ Cr ratio is more than 4.8/ 1 in the alloy film. When the Cu/ Cr ratio is at 4.6/ 1, the average current density peaks at 5129 A / cm 2 at the applied field of 3.53 V / m, showing an optimized field-emission property.
I. INTRODUCTION
Carbon nanotubes ͑CNTs͒, first discovered by Iijima, 1 are attracting much attention of scientists in the fields of nanotechnology. With various forms of CNTs such as whiskerlike, branched, bidirectional, spiral, and coiled, many kinds of CNT growth methods have been established. 2, 3 Among the various techniques, thermal chemical vapor deposition ͑CVD͒ is most popular due especially to the simplicity and low cost. 4, 5 The physical structure and properties of the CNT are determined by the choice of catalyst, which plays a major role. 6 As such, at optimized growth conditions, one may be able to obtain a controlled and repeatable growth of CNTs that enables a wide range of engineering applications, such as electron field emitters, 7 gene delivery arrays, 8 synthetic membrane structures, 9 and electrochemical probes. 10 Transition metals such as Ni, Fe, and Co are known to be very active in their ability to break and reform carbon-carbon bonds as the typical catalysts in fabricating CNTs. 11 Ma et al. 9 found that Cu also adopts a relatively thin morphology on different types of graphite nanofibers, indicating a strong metal-support interaction, which was reflected by a high degree of stability with respect to particle sintering. In this study, copper is chosen as the catalyst for the growth of CNTs. On one hand, Cu has lower electrical resistance, as well as good corrosion resistance, which is the better material used for depositing CNTs to guarantee the proper usage of electronic devices throughout their lifetime. On the other hand, the large internal stress in carbon films limits the adhesion to various types of substrates in industrial and medical applications. Sharma and co-workers proved that carbon films containing copper have less internal stress. 10 Several other studies have shown that binary and multielement metals provide certain advantages over singleelement catalyst for the growth of CNTs. 12 In the present study, alloyed Cu is selected as the catalyst to synthesize a͒ Author to whom correspondence should be addressed; Tel.: ϩ86-21-62232054; electronic mail: zsun@phy.ecnu.edu.cn CNTs by thermal CVD. Considering the poor adhesion characteristic and high diffusivity of copper in silicide materials, chromium ͑Cr͒ is a good choice to add as both an adhesion promoter and a diffusion barrier between the Cu and glass substrates. Subsequently, Cr was further alloyed into the Cu film by radio-frequency ͑rf͒ magnetron cosputtering, and the ratio of Cu to Cr is controlled by rf power. The influence on the morphologies and field-emission properties of these CNT films by weight ratio ͑Cu/ Cr͒ is discussed. An optimum ratio of Cu/ Cr is obtained to fabricate CNTs for large currentdensity cathodes.
II. EXPERIMENTAL DETAILS
First, a binary gradient was created by cosputtering Cu and Cr targets onto glass substrates using a rf magnetron sputtering system equipped with three 2-in.-diameter sputtering sources. The sputtering chamber was evacuated to 10 −4 Pa and, with the addition of Ar gas, was increased to 0.5 Pa. After being immersed in an acetone ultrasonic bath for 30 min, the glass substrates were further cleaned by Ar presputtering for 10 min to stabilize the surface composition. A Cr film was first deposited on a glass substrate by rf magnetron sputtering ͑50 W for 10 min͒ to act both as a barrier and an adhesion promoter. Next, the catalyst Cu/ Cr alloy films were fabricated, with different compositions as shown in Table I , using direct cosputtering. The thicknesses of different Cu/ Cr alloy films were obtained using a surface profilometer.
The Cu/ Cr alloy films were then put into a thermal CVD system to fabricate CNT films. CVD was performed using C 2 H 2 and H 2 gases under 20 mPa at the growth temperature of 600°C for 60 min. The flow rates of C 2 H 2 and H 2 were kept constant at 50 and 200 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, respectively, during the entire growth process.
The as-grown CNT films were studied using a scanning electron microscope ͑SEM͒ ͑JSM-LV 5610͒. The elemental concentration of the Cu/ Cr alloyed films was analyzed by x-ray photoelectron spectroscopy ͑XPS͒, using a VG Mk 2 XPS instrument with a twin-anode source. The source used was a Mg K␣ x ray at 1253.6 eV. The pass energy of the survey scan was 50 eV, and the narrow scan was 20 eV. The spectra obtained were deconvolved using curve fitting on a 100% Gaussian peak. All the resolved peaks were used for both qualitative identification and semiquantitative calculations.
The electron-field-emission properties of the CNT films were studied by a diode configuration in a vacuum chamber with the pressure below 10 −4 Pa. The anode was an indium tin oxide coated glass; the insulating spacers with a thickness of 170 m were inserted between the cathode and anode plates. Figure 1͑a͒ shows the wide scan XPS spectra for the alloy catalyst, which corresponds to Cu power supplies of 100, 150, 200, 250, 300, and 350 W. The measured XPS spectra indicate the presence of Cu, Cr, C, and O. The Cu/ Cr ratios and the percentage of Cu, which depended heavily on Cu power, are shown in Fig. 1͑b͒ . When Cu power increases from 100 to 300 W, the percentages of Cu increase from 13.3 to 82.8 at. % reaching saturation, containing Cu/ Cr at ratios of 1 / 6.5, 1 / 1.5, 3.3/ 1, 4.6/ 1, and 4.8/ 1. When the sputtering power of Cu is 350 W, only Cu could be detected in the film by XPS without Cr.
III. RESULTS AND DISCUSSION

A. XPS analysis of catalysts
The XPS narrow scan of the Cu LMM and Cu 2p peak is shown in Figs. 1͑c͒ and 1͑d͒ . Figure 1͑c͒ shows that the Cu Auger peaks at Cu LMM ͑330.50 eV͒ represent the Cu 0 ͑or univalent Cu peak͒ state, and the intensity of the peak increases with Cu rf power. However, when Cu rf power is more than 300 W, the intensity of the Cu 0 peak becomes weaker. The main central peak Cu 2p 3/2 at 933.6 eV in the Cu 2p spectra is shown in Fig. 2͑d͒ , which also reveals the univalent Cu state. The corresponding change ͓insets of 
B. Morphologies of CNTs
Figures 2͑a͒-2͑f͒ show SEM micrographs of the CNT films grown on the different Cu/ Cr alloy films at the same conditions. The CNTs are randomly distributed on the surface of the substrate, and the density of CNTs changed dramatically depending on the Cu/ Cr ratio. Figures 2͑a͒ and  2͑b͒ show that for the low Cu/ Cr ratios of 1 / 6.5 and 1 / 1.5, the CNTs are sparse with discrete cluster distributed uniformly with a low tube density of about 4 ϫ 10 7 tubes/ cm 2 and the diameters of most CNTs are less than 100 nm. Figure  2͑c͒ indicates that the tube density increases with the Cu sputtering power, and the density is nearly 5.8 ϫ 10 9 tubes/ cm 2 at the Cu/ Cr ratio of 3.3/ 1 at 200 W, where the diameters of most CNTs are still about 100 nm. When the Cu/ Cr ratio reaches 4.6/ 1 at 250 W, the density of CNTs is more than 5 ϫ 10 10 tubes/ cm 2 , and some large white particles and floccules appear, as shown in Fig. 2͑d͒ . The diameters of most CNTs are less than 150 nm except for a few that are more than 300 nm. When the Cu/ Cr ratio reaches a peak at 4.8/ 1 at 300 W, the CNTs have diameters of 150 nm, and gyroidal carbon nanofibers ͑CNFs͒ with large diameters over 500 nm appear. Figure 2͑f͒ shows that when Cu sputtering power increases to 350 W, the production are more gyroidal CNFs with a diameter over 500 nm, mixed with some CNTs of 150 nm diameter. The yield of nanostructured carbons is known to be related to the composition of the catalyst. 13 Therefore, control of the surface morphology of the catalytic metal is an essential ingredient prior to the CNT growth. 14 In cosputtering process, the size of catalyst grains and roughness of the surface are decided by the kinetic energy of the Ar + atoms reaching the surface of the substrate, which is exponential to the sputtering power. 15 Higher-energy Cu provided by higher sputtering power is easier to move, collide, and cluster, which leads to large catalyst grains and high Cu percentages in Fig. 1͑b͒ . Because of the changes in the size of catalyst grains, the superficial root-mean-square roughness of the Cu/ Cr alloy will be greater with the increase in sputtering power for crystallization. 16, 17 During the growth process of CNTs using the Cu/ Cr alloy catalyst prepared by cosputtering, Cu and Cr are separated and form nanosized particles for CNT growth when the alloy is heated to 600°C. The average size of the catalyst grains is decided primarily by the thickness of the catalyst films, and the Cu nanoparticles increase in number with the Cu proportion increasing in the alloy catalyst. Therefore, the power of Cu directly affects the diameter and growth rate of CNTs. 18, 19 At the low Cu powers of 100 and 150 W, small catalyst grains and low Cu percentage result in small or low density CNTs in Figs. 2͑a͒ and 2͑b͒ because the catalysts have higher activity leading to high CNT growth rate. When Cu power increases, the growth of catalyst and higher Cu/ Cr percentage cause a higher density of CNTs, as shown in Figs. 2͑c͒-2͑e͒, but there is no variation in CNT diameter. However, when the Cu power reaches 300 W, the density of CNTs is higher, and larger catalyst will also be formed by high energy, which leads to growth of more gyroidal CNFs. When the Cu power is 350 W, most of the productions is gyroidal CNFs.
C. Field-emission property
Field-emission characteristics of the CNTs grown on Cu/ Cr catalyst films are shown in Fig. 3͑a͒ . At the relatively lower applied field of 2.0 V / m, the current density is relatively low across all the specimens. When the applied field increases from 2.0 to 6.0 V / m, the gradient of the curves indicates a rapid increment of current density for some of the specimens. It obviously increases for specimens whose Cu power deposition conditions have increased from 100 to 250 W. The highest increment was at a Cu power of 250 W. However, when Cu power is increased from 300 to 350 W, the gradient of the typical emission current density-electric field ͑J-E͒ curves decreases and reaches its lowest point. To compare the detailed properties of field emission, Fig. 3͑b͒ shows the emission currents of different CNTs at the same applied field ͑2.35, 2.94, and 3.53 V / m͒. The emission current increases rapidly from a few microamperes ͑Ͻ10 A͒ at 100 W to thousands of microamperes ͑5129 A͒ at 250 W, and it decreases to several tens of microamperes at 300 and 350 W. The Fowler-Nordheim ͑FN͒ model of field emission dates back to the beginnings of quantum mechanics and is still widely used today to confirm whether a field-emission process was present. 20 Although this model is originally developed for flat metallic surfaces at 0 K, it has proven adaptable to describe field emission from carbon-based electron emitters. 21 The slope in a FN plot is directly related to the field factor of the emitter, which is related to the emitter-tip diameter. The corresponding FN plots of the emission data and the negative applied voltages are shown in the inset of Fig. 3 . 
where ⌽ is the work function ͑CNTs ϳ4.9 eV͒ and t͑y͒ Ϸ 1.1 and ͑y͒Ϸ0.95− y 2 are the Nordheim elliptic functions, where A represents, in first approximation, the emitting area ͑m 2 ͒. The local electric field is not V / d ͑applied voltage, V, divided by interelectrode distance, d͒ but is higher by the factor ␥, which gives the ability of the emitter to amplify the field; so the field at the emitter surface is written as F = ␥V / d. For CNTs, one can use the models developed for a cylinder of height h terminated by a half sphere of radius r on a flat surface, which states that ␥ Ϸ 0.7h / r. The bigger the h is and the smaller the r is, the bigger the ␥ is, meaning larger emission current. 21 However, at the same F and h / r ratio, the density of the emitters plays a pivotal role in property. 22, 23 The CNTs grown in different conditions have different diameters ͑as shown in Fig. 2͒ , which should lead to different aspect ratios. However, from the FN plot in Fig. 3 , the h / r ratios of CNTs are similar, which implies that the CNTs of smaller diameters are preferential as emitters. In other words, the CNT diameter distribution starts with typical minimum diameters, which do not contribute to the variations in current density. Therefore the current density varies considerably from sample to sample, which is related to the density of the CNTs of smaller diameters. When the Cu power is 250 W, most CNTs have a smaller radius and high density as shown in Fig. 3͑d͒ , which agrees with the greater emission current. However, although the density of CNTs is higher at 300 W Cu power as shown in Fig. 2͑e͒ , the gyroidal CNFs, based on larger catalyst grains, degrade the field-emission property of the emitters. For the 350 W Cu power, fewer CNTs and more gyroidal CNFs cause the J-E curve to deviate from the FN model, and it leads to the lowest current density.
All the results show that the relative uniformity and higher enhancement factor of the CNTs grown on Cu catalyst grains at a 250 W power create the highest make fieldemission property greater stability.
IV. CONCLUSIONS
The density and morphology of CNTs can be controlled by varying the ratio of the Cu/ Cr alloy catalysts. With an increase in the Cu/ Cr ratio by Cu power, the CNT density increases from discrete clusters to a dense network, and the diameter of CNTs varies from less than 100 to 500 nm. In particular, the optimized field-emission property of the CNT film is found at the medium density by 250 W Cu power.
